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Background: Percutaneous kyphoplasty (PKP) can restore spinal stability and relieve pain in
patients with osteoporotic vertebral compression fractures (OVCF). However, in some cases,
distal lumbosacral pain (DLP) persists postoperatively, affecting patients’ expectations of the
surgery and their recovery to activities of daily life.

Objective: To use artificial intelligence to predict DLP post-PKP for OVCF, thereby providing
personalized treatment plans for patients with OVCF.

Study Design: Retrospective study.
Setting: The study was carried out at a university hospital.

Methods: A univariate analysis was performed to identify the risk factors for DLP post-PKP.
A heatmap analysis was conducted to examine the relationships between variables in the
dataset. A random forest model was established, and its performance was evaluated using a
confusion matrix. After validating and tuning the model, features were ranked based on their
contribution to prediction accuracy.

Results: A total of 179 patients completed this study. Patients were divided into 2 groups
(Group 0 without DLP; Group 1 with DLP). The univariate analysis indicated statistically
significant differences in terms of bone density, intravertebral vacuum cleft, sarcopenia, bone
cement distribution, interspinous ligament degeneration, and Hounsfield unit (P < 0.05). The
heatmap analysis revealed a moderate correlation between DLP and both sarcopenia and
interspinous ligament degeneration. A random forest model was built. The confusion matrix
showed that the model exhibited strong performance across all metrics. The random forest
model showed that the preoperative Cobb angle and sarcopenia were the most critical features.

Limitations: This was a retrospective study, which may be prone to selection and recall bias.
Single-center noncontrolled studies may also introduce bias.

Conclusion: Our random forest model can effectively predict DLP post-PKP for OVCF, assisting
in the selection of treatment plans.

Key words: Artificial intelligence, osteoporotic vertebral compression fracture, percutaneous
kyphoplasty, distal lumbosacral pain
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steoporotic vertebral compression fractures

(OVCF) are common. They mainly present as

localized pain at the fracture site or as distal
lumbosacral pain (DLP). Percutaneous kyphoplasty (PKP)
is an effective treatment for OVCF. It can alleviate pain
caused by OVCF and significantly reduce the mortality
rate of patients (1-3). However, in some patients, DLP is
not completely relieved by surgery. Persistent DLP leads
to a loss of confidence in the surgery and affects the
patient’s quality of life (4-6).

Studies have found that combining a facet joint
block or steroid injections with PKP can effectively
reduce the incidence of postoperative DLP in patients
with OVCF (7,8). However, not all patients with OVCF
experience postsurgical DLP. Therefore, it is particularly
important to accurately predict whether patients with
OVCF will have postoperative DLP and to provide pre-
cise early intervention.

Previous studies have explored risk factors and
prediction models for DLP post-OVCF surgery, but these
studies only assessed which factors may influence post-
operative DLP (9-11). No research has been conducted
on the importance scores of various risk factors or their
roles in residual postoperative DLP.

Artificial Intelligence (Al) has rapidly advanced
recently. It shows great potential in imaging analysis,
disease diagnosis, and personalized treatment. Al can
integrate various clinical information from patients to
analyze disease-related risk factors, thereby optimiz-
ing diagnostic processes and quickly and accurately
predicting the occurrence of related diseases (12-14).
The main objective of our study was to build a random
forest model based on the clinical data of patients with
OVCF. This model was designed to evaluate the role
of various factors in postsurgical DLP and provide im-
portance scores. It aims to accurately predict whether
patients with OVCF will experience postoperative DLP,
ultimately leading to precise and personalized treat-
ment for these patients.

METHODS

Patient Population

This is a retrospective study; it was reviewed and
approved by the Ethics Committee of Second Affiliated
Hospital of Soochow University, People’s Republic of
China. Patients with OVCF who were admitted to our
hospital and underwent surgical treatment from Janu-
ary 2021 through December 2023 were enrolled. After
admission, all patients underwent spinal anteropos-

terior and lateral x-rays, computed tomography, and
magnetic resonance imaging.

The inclusion criteria were: 1) clearly diagnosed
single-level thoracolumbar OVCF (T10-L2); 2) no symp-
toms of spinal cord or nerve compression; 3) preopera-
tive pain with a Visual Analog Scale (VAS) pain score
of > 5; 4) previous PKP; and 5) complete postoperative
outpatient follow-up data.

The exclusion criteria were: 1) thoracolumbar
fractures caused by severe trauma, such as car ac-
cidents or high falls; 2) spinal tumors; or 3) spinal
tuberculosis.

When enrolled, each patient’s preoperative gen-
eral conditions were recorded, including gender; age;
fracture segment; body mass index; bone mineral den-
sity (BMD); diagnosed hypertension and/or diabetes
time from fracture to surgery; posterior fascia oedema
(PFO); intravertebral vacuum cleft (IVC); sarcopenia;,
preoperative VAS score; preoperative Oswestry Dis-
ability Index (ODI) score; interspinous ligament degen-
eration (ISLD); preoperative Cobb angle; preoperative
anterior vertebral height (AVH); and Hounsfield Unit
(HU) values.

Surgical Techniques

With the patient prone and under general anes-
thesia, a puncture needle was inserted under C-arm
fluoroscopy. A working cannula was then inserted, fol-
lowed by placing a balloon filled with contrast medium
into the appropriate position. The balloon was ex-
panded to restore the vertebra. Once the bone cement
reached the late stringy phase, it was injected through
bilateral working cannulas under C-arm guidance.

Postoperative Management and Follow-Up

All enrolled patients successfully completed the
surgery and received postoperative anti-osteoporosis
treatment. On the first postoperative day, thoracolum-
bar x-rays were taken to assess vertebral repositioning,
bone cement dispersion, and bone cement leakage. The
VAS score for DLP and the ODI score were also evalu-
ated on the first postoperative day. Data measurements
were conducted by 3 spine surgeons, each with more
than 5 years of experience. The surgeons were blinded
to the patient’s group information before measure-
ment to assure a double-blind process; the final value
was taken as the average of the 3 surgeons’ measure-
ments. Additionally, VAS and ODI scores for DLP were
collected during outpatient follow-ups at one month
and 3 months postoperatively.
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Data Measurement Methods

vc

Computed tomography scans were performed to
observe for the vacuum sign within the vertebral body
(Fig. 1A).

PFO

The lumbar region was evaluated with magnetic
resonance imaging, looking for linear or patchy high
signal areas in the subcutaneous and fascial layers (Fig.
1B).

ISLD

Magnetic resonance imaging was used to examine
the interspinous ligament for high signals on fat-sup-
pressed T2-weighted images (Fig. 1C).

Bone Cement Distribution

Good bone cement distribution was determined
by seeing an even spread throughout the vertebra as
seen on anteroposterior and lateral x-ray views, with
diffusion into both the upper and lower endplates.
Poor distribution appeared as clumped bone cement
localized to specific areas within the vertebra as seen
on x-rays (Figs. 1D, 1E).

Bone Cement Leakage

Leakage was defined as the presence of bone ce-
ment outside the vertebra as seen on anteroposterior
or lateral x-rays (Fig. 1F).

Sarcopenia
We measured the cross-sectional area of the psoas
muscle at the level of L3 on computed tomography im-

AVH=[2b/(a+c)]x100%

Fig. 1. Definitions and measurement methods of various indicators. A: intravertebral vacuum cleft; B: posterior fascia
oedema; C: interspinous ligament degeneration; D,E: bone cement distribution; F: bone cement leakage; G,H: sarcopenia; 1.J:
preoperative anterior vertebral height and Cobb angle; K—N: Hounsfield Unit value.
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ages and divided it by the square of the height (Total
Psoas Area, TPA). Sarcopenia was diagnosed if the TPA
was less than 385 mm2/m2 for women or less than 545
mm2/m2 for men (Figs. 1G, 1H).

AVH

AVH was calculated as the height of the anterior
border of the fractured vertebra divided by the average
posterior height of the adjacent vertebrae, multiplied
by 100% (Figs. 11, 1J).

Cobb Angle

We drew extension lines along the upper and low-
er endplates of the adjacent vertebrae and measured
the angle formed by the perpendiculars to these lines
(Figs. 11, 1J).

HU Value

We measured the HU value on axial images of the L3
vertebra in 3 areas: just below the upper endplate, in the
middle of the vertebral body, and just above the lower
endplate. The average HU value was calculated from the
largest possible elliptical region of interest (Figs. TK-N).

Statistical Methods

Data Analysis

We used IBM SPSS Statistics 26.0 (IBM Corporation)
for data analysis. A univariate analysis was conducted
to identify potential risk factors for postoperative re-
sidual low back pain. For continuous variables follow-
ing a normal distribution, data are presented as mean
+ SD (X £ S) and compared between groups using the
t test. For continuous variables not following a normal
distribution, data are presented as the median (inter-
quartile range) (M[Q1, Q3]) and compared using the
rank-sum test. Categorical variables are expressed as
frequency (n [%]) and compared using the y%? test.

Correlation Heatmap Analysis

A correlation heatmap was created to explore re-
lationships between variables in the dataset. Pearson
correlation coefficients were calculated for each pair
of variables to quantify the strength and direction of
their linear relationships. The heatmap provided a vi-
sual representation of these correlations, with darker
shades indicating stronger correlations.

Data Processing
The “group” was set as the target variable. Pa-

tients were assigned to Group 0 if their DLP VAS score
was > 5 on the first postoperative day, and to Group
1 if the score was < 5. Categorical variables were
converted into dummy variables, while continuous
variables were standardized to enhance model per-
formance. To address multicollinearity, the reduce VIF
method was employed, leading to the removal of the
“Cement Distribution_1" variable due to its high vari-
ance inflation factor value. Additionally, to resolve
class imbalance, the Synthetic Minority Oversampling
Technique was applied to balance the dataset. The
data were then split into training and test sets in a 7:3
ratio, providing a solid foundation for robust model
evaluation.

Model Training

After data preprocessing, a random forest classi-
fier was chosen due to its strength in handling small
datasets. Grid search with cross-validation was used for
hyperparameter tuning, exploring combinations of the
number of estimators, maximum depth, and maximum
features. The optimal configuration determined 6 es-
timators, a maximum depth of 7, and a maximum of 6
features per split. Model performance was evaluated
using a confusion matrix, which provided key metrics
such as accuracy, precision, recall, and the F1 score,
offering a detailed view of classification performance.
Moreover, feature importance was analyzed based on
the random forest’s ability to rank variables according
to their contribution to the prediction, offering insights
into the most significant factors.

REsuLts

A total of 179 patients with complete data were
included in the study (mean [SD] age: 71.41 [7.76]
years; 149 women). Among them, 5 patients had T10
fractures, 6 had T11 fractures, 47 had T12 fractures, 71
had L1 fractures, and 50 had L2 fractures. A total of 23
characteristic variables were included in the study.

Patients without postoperative DLP were catego-
rized into Group 0 (150 patients; 128 women). Patients
with postoperative DLP were assigned to Group 1 (29
patients; 21 women).

Detailed characteristic values for both groups are
presented in Fig. 2. The results of the univariate analy-
sis indicated no significant differences in preoperative
baseline characteristics between the 2 groups (Table 1;
P > 0.05). Both groups showed a significant reduction
in postoperative VAS and ODI scores compared to pre-
operative values, but Group 1 had significantly lower
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Fig. 2. The general data of the two groups. A: preoperative, postoperative Cobb angles and difference by group; B: preoperative,
postoperative anterior vertebral height and difference by group; C: distribution for body mass index, bone mineral density,

bone cement volume, Hounsfield Unit by group; D: distribution for hypertension, diabetes, thoracolumbar fascia injury,
intravertebral vacuum cleft, sarcopenia, interspinous ligament degeneration; E: distribution for gender, fracture segment, time
from fracture to surgery, bone cement distribution, bone cement leakage.

postoperative VAS and ODI scores compared to Group
0; these differences were statistically significant (Table
1, P < 0.05). Additionally, significant differences were
observed between the 2 groups in terms of BMD, IVC,
sarcopenia, bone cement distribution, ISLD, and HU
values (Table 1; P < 0.05).

The correlation heatmap analysis revealed a
moderate correlation between DLP and both sar-
copenia and ISLD, with each correlation coefficient
being approximately 0.25 (Fig. 3A). After selecting
the optimal hyperparameters, a random forest model
was employed to predict the target variable on the
test dataset. Key classification metrics derived from
the confusion matrix were used to assess the model’s
performance. The results showed strong performance
across all key metrics, with an accuracy of 91.67%,

precision of 92.11%, recall of 91.67%, and an F1 score
of 91.66% (Fig. 3B).

The random forest algorithm ranked the features
based on their contribution to predictive accuracy, high-
lighting the top 20 most important features (Fig. 3C).
The feature importance chart indicated that the preop-
erative Cobb angle and sarcopenia are the most crucial
features, with importance scores of approximately 0.15
and 0.10, respectively. These 2 features alone accounted
for nearly half of the model’s decision-making power.
Age and ISLD also demonstrated significant contribu-
tions, with importance scores of around 0.09. Other key
variables included BMD, PFO, bone cement distribution,
and HU values, each with an importance score ranging
from 0.05 to 0.10, indicating a moderate effect on the
predictions.
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Table 1. Comparison of general data of patients with
osteoporotic vertebral compression fractures in the Nonpain

Group (Group 0) and the Pain Group (Group 1).

Table 1 cont. Comparison of general data of patients with
osteoporotic vertebral compression fractures in the Nonpain

Group (Group 0) and the Pain Group (Group 1).

Group 0 Group 1 p Group 0 Group 1 p
(m=150) | (n=29) (n=150) | (n=29)
5 -
Gender (%) 0.106 Preope:g%ve Cobb angle 1828 + 681 | 19934738 | 0.240
Men 22(1467) | 8(27.59) (mean+SD)
ostoperative Cobb angle 13.33 £5.5 14.07 £ 6. .5
Women 128 (85.33) | 21(72.41) EononsTeCoubnE o W e BECCAE ool 020
Age, mean (SD) 71.19+7.59 | 72.52+7.80 | 0.402 f;f;ieiatsil‘;e) AVH 5353+ 441 | 57.83+4.47 | 0437
Fracture segment (%) 0.131 — -
Postoperative AVH 79.07 +£3.96 | 79.24 £3.63 | 0.832
T10 3(2.00) 2 (6.90) b tive VAS
reoperative
T11 5 (333) 1 (345) (mean + SD) 7.27 £0.96 7.38 £1.01 0.591
T12 39 (26.00) | 8(27.59) One day postoperative
%
- 58 (38.66) 13 (44.83) VAS 2.35+0.62 | 459+0.68 | <0.01
LL2 loniy; || sz One month postoperative | ) o4 59 | 5311054 | <0.01*
N VAS (mean + SD)
Body mass index (kg/m*) | 23.81 £3.69 | 23.96+3.60 | 0.833
h -
Bone mineral density 2644053 | -2.88+050 | 0.027 f]’zgm postoperative 1184063 | 172059 | <0.01%
Hypertension (%) 0.528 R
Preoperative ODI
Yes 82 (54.67) | 14 (48.28) (mean + SD) 71.80+2.89 | 71.93x2.90| 0824
N 68 (45.33 15 (51.72 i
© (45.33) (5L72) 8;61 day postoperative 31494209 | 34.41+2.75 | <0.01*
Diabetes (%) 0.797
Yes 132 (88.00) | 26 (89.66) One month postoperative
ODI 19.93 +1.86 | 21.83 +2.44 | <0.01*
No 18 (12.00) | 3(10.34) (mean + SD)
Time from fracture to surgery (%) 0.435 EEnonth ;
postoperative "
< 3Weeks 109 (72.67) 19 (65.52) ODI 1033 £1.61 | 11.79 £ 2.16 | <0.01
> 3Weeks 41(27.33) | 10(34.48) HU 74.50 £ 6222+ 0.01
PFO (%) 0.057 30.74 20.59
Yes 122 (81.33) | 19(65.52) PFO: posterior fascia oedema; IVC: intravertebral vacuum cleft; ISLD:
. . interspinous ligament degeneration; AVH: anterior vertebral height;
No 28 (18.67) 10 (34.48) VAS: Visual Analog Scale; ODI: Oswestry Disability Index; HU:
IVC (%) 0.018 Hounsfield Unit. *P < 0.05
Yes 135 (90.00) 21 (72.41)
No 15 (10.00) 8 (27.59) DiscussioN
Sarcopenia (%) <0.01*
Yes 125 (8333) | 16 (55.17) OVCF is a common orthopedic condition in the
N e | e elderly; typical clinical symptoms include localized frac-
ture pain or DLP. Persistent pain and functional limita-
TN "
Bone cement distribution (%) <001 tions significantly reduce the quality of life for these
Yes 123 (82.00) | 16(55.17) patients (15,16).
No 27 (18.00) | 13(44.83) PKP is an effective treatment for OVCF. It alleviates
Bone cement leakage (%) 0.902 pain, improves quality of life, and reduces mortality
Yes 128 (85.33) | 25(86.21) rates in affected individuals. However, some patients
No 22 (14.67) 4(13.79) experience unresolved DLP, leading to a loss of confi-
ISLD (%) <0.01* dence in the procedure and further decreasing their
Yes 123 (82.00) | 16 (55.17) quality of life (17,18). ) o
N 27 (1800) | 13 (#483) Studies have shown that intraoperative interven-
° - - tions, such as local facet joint blocks or corticosteroid
(Crflrer;inivs%l;me 6.98+1.55 | 7.1941.99 | 0.589 injections, can effectively reduce the incidence of post-
— PKP DLP. However, postsurgical DLP only occurs in some
E342 www.painphysicianjournal.com
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cases (16.2% of patients in our study), and treating all
patients with additional interventions remains debat-
able. Numerous predictive models have been devel-
oped to identify factors associated with post-PKP DLP
(9-11,18). Nevertheless, these studies primarily focus on
identifying potential risk factors but did not explore
the relative importance and specific roles of these fac-
tors in predicting postoperative pain. Further research
is needed to accurately assess the contribution of each
risk factor in determining postsurgical DLP.

Al has seen rapid advancements in medicine recent-
ly, particularly in areas such as imaging analysis, disease

diagnosis, and personalized treatment. Al can integrate
a variety of clinical information from patients, such as
medical history, physical exam findings, lab data, and im-
aging results to generate individualized diagnostic plans
(19-21). Additionally, machine learning algorithms based
on big data can identify individual differences among
patients, especially when considering the coexistence of
multiple conditions in the elderly, such as diabetes and
hypertension. Al can analyze disease-related risk fac-
tors, optimize diagnostic processes, and accurately and
quickly predict the onset of related diseases, ultimately
enabling a fast diagnosis and personalized treatment.

www.painphysicianjournal.com
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In our study, we first collected demographic fac-
tors, comorbidities, clinical symptoms, laboratory data,
and imaging data from patients with OVCF who un-
derwent PKP. Based on whether patients experienced
postoperative DLP, they were divided into 2 groups for
a univariate analysis of the risk factors associated with
this complication. The results showed significant dif-
ferences between the 2 groups in terms of BMD, IVC,
sarcopenia, bone cement distribution, ISLD, and HU val-
ues. Osteoporosis is closely related to lower back pain,
and BMD and HU values are important indicators of
osteoporosis. Patients with lower BMD are more likely
to experiencing DLP (22,23).

Our study found that decreased BMD is a risk factor
for post-PKP DLP. However, this association may not have
clinical significance. This is because BMD measurement is
based on the average bone density of the lumbar spine
(L1-L4), while OVCF typically occurs in the T10-L2 region,
and the fracture itself can interfere with the BMD results.
Therefore, even though univariate analysis indicates low
BMD as a risk factor for postsurgical DLP, it cannot be
used as a clinical predictor. Thus, our study employed HU
values as a predictor for this complication.

Additionally, our research found that heatmap
analysis of variable correlations indicated a moderate
correlation (about 0.25) between sarcopenia and ISLD
with postsurgical DLP. This suggests that these factors
may play a role in predicting postoperative pain.

The random forest model consists of numerous
decision trees, each running independently of the oth-
ers, making this model particularly suitable for smaller
datasets (23,24). Our study had 179 patients and 23
features, making the random forest model more ap-
propriate for predicting risk factors. Additionally, the
random forest model can provide importance scores for
each variable, allowing us to evaluate the role of each
variable in classification. After building the random for-
est model, key classification metrics derived from the
confusion matrix were used to assess the model’s per-
formance. The results show that the model performed
strongly across all key metrics. The high precision in-
dicates that the model is very effective at minimizing
false positives, while the similar recall value suggests it
successfully identified most of the actual positive cases.

The F1 score balances precision and recall, further
confirming the model’s reliability and balance in clas-
sification, making it particularly suitable for situations
where minimizing both false positives and false nega-
tives is crucial. The feature importance ranking of the
random forest algorithm, based on their contribution

to prediction accuracy, is as follows: preoperative Cobb
angle, sarcopenia, age, ISLD, BMD, PFO, bone cement
distribution, and HU value.

To some extent, the results from the random forest
model align with the findings of univariate analysis and
the variable correlation heatmap. However, it is impor-
tant to note that the random forest model identified
the preoperative Cobb angle as a risk factor, which was
missed by univariate analysis and the variable correla-
tion heatmap. The preoperative Cobb angle can assess
the condition of the vertebrae and surrounding soft
tissue damage; a smaller angle indicates more severe
vertebral fractures and associated soft tissue damage,
which may be a significant cause of postoperative DLP.

Another aspect we need to address is that all 3
models predicted that sarcopenia and ISLD are risk
factors for post-PKP DLP. Sarcopenia refers to the pro-
gressive deterioration of muscle function due to the
loss of skeletal muscle mass, with an incidence rate
of 24%-56% among patients older than 60. Among
elderly patients undergoing orthopedic surgery, 44%
suffer from sarcopenia. It is a known risk factor for
falls, fractures, disability, and increased postoperative
morbidity and mortality (25). Chen, et al (26) reported
that, compared to patients without sarcopenia, those
with sarcopenia who underwent surgery for lumbar
degenerative diseases showed less improvement in
functional ability, quality of life, physical health, and
pain relief, and had longer hospital stays. We consider
that patients with sarcopenia may have insufficient
lumbar and back muscle strength, and while PKP sur-
gery can restore spinal stability, the process of getting
out of bed and moving still requires coordination of
the lumbar muscles.

Poor lumbar muscle strength in patients with
sarcopenia may be a significant reason for postsurgi-
cal DLP. The interspinous ligament is a key component
of the posterior ligamentous complex and plays an
indispensable role in the stability of the thoracolumbar
spine (27-29). When an OVCF occurs, the compensatory
ability of the interspinous ligament, which is already
degenerated, is reduced, making it more prone to inju-
ry. Minor injuries to the interspinous ligament may not
be detectable by magnetic resonance imaging, which
could explain why ISLD leads to post-PKP DLP.

Our study has some limitations. It is a single-center
retrospective study, including only patients with OVCF
who underwent PKP surgery—this may have intro-
duced selection and recall bias. Additionally, the overall
sample size was relatively small, and the follow-up pe-
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riod was short. In the future, we plan to prospectively
include more patients with OVCF and incorporate more
research variables to better assist in treating pain dis-
tant from the fracture site in clinical settings.

CONCLUSION

provides clinicians with a new tool. Our random for-
est model performed strongly across all key metrics
and can effectively predict post-PKP DLP in patients
with OVCF. This model can provide precise guidance

for selecting treatment plans for patients with OVCF
undergoing PKP surgery.

For DLP related to OVCF, the introduction of Al
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